Introduction
It has become widely accepted that NMs are substances having at least one dimension between 1 and 100 nm. [1] [2] [3] [4] These materials with nano-scale features have high surface-to-volume ratio and may display distinctive chemical, electronic, optical, magnetic or mechanical properties compared to the equivalent bulk material.
2,5,6
The nanotechnology eld has drastically changed daily life by promising an unlimited range of applications based on the NMs' distinctive properties. 5, 7 NMs are already extensively used in many industrial and everyday elds such as optics, energy, electronics, structural materials (e.g. composites for aircra and automotive industries), clothing, food additives, cosmetics, paints and pigments, medical and health care applications. 5, 8, 9 Nanotechnology continues to grow rapidly; since 2010 a 24% increase in consumer products containing NMs has been recorded. 10 Three commonly used NMs are ceria (CeO 2 ), zinc oxide (ZnO) and copper oxide (CuO). Ceria was rst commercially used in 1999 as a catalyst in diesel particulate lters 11 and at present its numerous uses include optical, micro-electronic, solid oxide fuel cells, solar cells, catalysis, bio-medical applications, oxidation resistance, UV absorbents and lters, anti-reective coatings, abrasives for chemical mechanical planarization and metallurgical and glass/ceramic applications.
12-21 Ceria's diversity of uses is due to its properties, 19 the most important of which is its redox potential stemming from its ability to cycle between Ce 3+ and Ce 4+ (which has a characteristic yellow colour).
18,22-24
Nano ZnO is used in solar cells, gas sensors, chemical absorbent varistors, electrical and optical devices, electrostatic dissipative coatings, catalysts for liquid phase hydrogenation, and catalysts for photo-catalytic degradation instead of titanium dioxide (TiO 2 ) NMs. 25 It is also an approved sunscreen ingredient in many countries around the world due to its UV blocking ability. 26 Pinnell et al. 27 have found that ZnO absorbs UV-radiation more effectively than TiO 2 over a broad range of wavelengths, particularly in the UVA region. This has resulted in ZnO being the sole active ingredient in some broad-spectrum sunscreens.
CuO NMs are being used in catalysts, electronic devices (semiconductors, electronic chips, heat transfer nanouids, superconductors and electrode materials), 28, 29 gas sensors, solar cells and lithium batteries. 29 CuO has also been used as a biocide against bacteria, fungi and algae, hence its use in face masks, wound dressings and socks. 29 The increased use of NMs results in their unintentional and intentional release into the environment. 2, 9, 30 Hence concerns of exposure of humans and other organisms have been increasing. [30] [31] [32] The impact of NMs on biota is poorly understood, 9, 28, 33 partly due to the lack of data at environmentally realistic NM concentrations and exposure conditions (e.g. in the presence of appropriate macromolecules which can act as dispersants or drive other transformations 34 ). Furthermore, to date, few studies have tried to establish the changes that NMs undergo when incorporated into, and released from, products, and the behaviour and impacts of such modied products have been largely overlooked.
2 For instance degradation of cappings and cores may occur at different rates and due to different inuencing factors. Many aspects in the study of nanotoxicity remain poorly studied and challenging due to difficulties in identifying, characterising and monitoring NMs particularly aer their release. 35 The potential exposure routes, NM properties effecting behaviour and possible transformations and interactions need to be determined and understood in a systematic manner. The eld has yet to advance sufficiently due to challenges in NM characterisation and in linking systematically physico-chemical properties to toxicity.
In addition, suitable testing and reference NMs, involving the systematic variation of key physico-chemical parameters for (eco)toxicological and environmental studies are still lacking. Where certied reference materials (CRM) do exist, they are generally for size characterisation in water or simple media (e.g. CRM from the IRMM or NIST 36 ), although more recently reference NMs for specic surface area or dimensional standards 37 were launched by BAM. 38 The other major category of "reference" materials are the OECD sponsored materials 39 that are representative of industry NMs; however there is no internal consistency in this materials library in terms of size, surface coating, synthesis route and thus impurities etc., making determination of the key property or combination of properties driving a specic toxicity response near impossible if based on this library. Production of systematically varied NMs and a thorough understanding of their behaviour and degradation in relevant biological milieu are important scientic advances that will support research into nanosafety and in turn contribute to a sustainable nanotechnology industry. 40 Indeed, development and validation of systematic sets of test NMs, and their labelled variants, including certication of their behaviour in reference biouids, was identied as one of the research priorities for the nanosafety research roadmap 2015-2025. 41 A key challenge in development of NMs libraries is that the synthesis route must be scalable such that large quantities can be produced easily. Ecotoxicity testing requires g to kg quantities depending on the protocol followed. For example high throughput toxicity screening, mesocosm scale experiments or multi-generation sh tank studies all require far greater quantities than standard protocols can produce. In such cases, it is essential that the protocol is robust enough to allow production of larger quantities whilst maintaining the particle quality of smaller scale synthesis. Furthermore, the protocol should be versatile such that a range of different materials can be produced utilising the same approach and the same chemicals as far as possible, since small changes in, for example, surfactants (used to control NM size or shape 42 ) can result in quite different surface properties/toxicities of the resulting NMs. Additionally, many of the surfactant utilised are themselves toxic to cells, which limits the range of approaches available for development of NMs libraries for nanosafety studies. To date, most of the libraries reported in the literature consist of a simple metal or metal oxide core with a range of surface ligand functionalisations, 43, 44 thus taking a more pharmaceutical approach, or consist of a panel of metal oxide particles assembled from commercial sources which likely have different synthesis routes as well as the different sizes and properties reported. 45 Recent reports of specic property libraries (oxidative stress, dissolution, crystallinity and surface charge 46 ) show progress in the required direction, to allow a move away from extensive toxicity assessment and towards computational or in silico approaches to predict NM toxicity from physicochemical properties, although these materials are not widely available or easily produced utilising a single approach.
The work presented here aimed to develop a reproducible protocol for the synthesis of a broad range of PVP capped metal oxide NMs that would be versatile enough to allow size and core compositional variation whilst keeping the capping agent constant and/or varying the molecular weight of the capping agent (which in principle alters the degree of surface coverage and the accessibility of the core for transformations such as protein binding 47 ). The NM samples have been thoroughly characterised, and the reproducibility and scalability of the method has been assessed. The resulting NM library may thus be used as reference materials for future toxicity and ecotoxicity testing since the robust synthesis results in comparable NMs with systematically varied properties. Toxicity and environmental fate testing using these NMs will help to address the hypothesis that the core chemistry is a primary factor in controlling toxicity and such work is currently under way. reaction according to Merrield et al. 23 whereby $130 mg of cerium nitrate were dissolved in 60 mL of a 3, 0.4 and 0.007 mM solution of either 10k, 40k or 360k PVP respectively and reuxed for 3 hours. Following this the reaction was quenched and the excess PVP was removed using acetone. Centrifuging at 4000 rpm for 10 min resulted in a yellow pellet, which was retained and resuspended in ultra-high purity water (UHP, resistivity 18.2 MU cm). The synthesis protocol was modied to produce PVP capped ZnO and PVP capped CuO NMs. This was done by substituting the cerium nitrate hexahydrate reagent with equimolar amounts of zinc nitrate hexahydrate or copper nitrate trihydrate as required. Following synthesis samples were ltered through an 0.1 mm lter. The reaction was scaled-up three and six fold by increasing the amount of starting reagents by a factor of three and six yet keeping the volume of water used in the reaction constant.
Characterisation
Thorough characterisation of NMs, in dry form and in suspension (in Milli-Q water), was carried out by means of DLS, zeta potential, UV/Vis, XPS, FT-IR and TEM. Furthermore, unless stated otherwise, all characterisation is based on the rst synthesis, before scaling up, and from a single batch. DLS measurements were performed on a Malvern Zetasizer (nano ZS) at the University of Birmingham. NM samples were analysed dispersed in UHP water. The concentration of these samples is shown in Table 1 . Ten consecutive measurements were carried out and averaged to calculate the mean size. The results were obtained at 20 C with samples equilibrated for 2 minutes before the measurements were started. The same instrument was used to obtain the zeta potential values. The results were obtained at 21 C with the same samples used for size measurements, equilibrated for 2 minutes before measurements were started. Three consecutive measurements were collected and averaged to calculate the zeta potential. UV/Vis absorption readings were recorded by means of a Jenway 6800 UV/Vis spectrophotometer at the University of Birmingham. A background spectrum was rst obtained using ultrapure water. Following this, three sample readings were obtained. Samples were diluted by adding 50 mL of the NM dispersion to 5000 mL of UHP water prior to UV absorption measurements. The diluted samples were placed in 10 cm long quartz cuvettes. A spectrum scan was taken from 800-220 nm.
XPS characterisation was carried out at Karlsruhe Institute for Technology (KIT) in Germany. Samples were prepared by placing a drop of the NM dispersion on the surface of silicon wafer, which was allowed to air-dry overnight. XPS measurements were performed using a K-Alpha XPS instrument (ThermoFisher Scientic, East Grinstead, UK). All samples were analysed using a microfocused, monochromated Al Ka X-ray source (400 mm spot size). Two random points were analysed for each of the samples. The K-Alpha charge compensation system was employed during analysis, using electrons of 8 eV energy, and low-energy argon ions to prevent any localised charge build-up. The spectra were tted with one or more Voigt proles (binding energy uncertainty: AE0.2 eV). The analyser transmission function, Scoeld sensitivity factors 48 and effective attenuation lengths (EALs) for photoelectrons were applied for quantication. EALs were calculated using the standard TPP-2M formalism. 49 All spectra were referenced to the C 1s peak (C-C, C-H) at 285.0 eV binding energy controlled by means of the well-known photoelectron peaks of metallic Cu, Ag, and Au respectively.
FT-IR spectra were obtained using a Varian 660-IR FT-IR Spectrophotometer at the University of Birmingham. Dried samples were placed on the ATR and program 'Agilent resolutions pro' was used to run and obtain the spectrometer. Prior to samples being analysed background scans were carried out. TEM samples were prepared on copper grids by means of the drop method. NM imaging was carried out using a JEOL 1200 TEM at an accelerating voltage of 80 kV. STEM (scanning transmission electron microscopy) imaging of the 10k PVP capped NMs was performed at the Nanoscale Physics Research Laboratory at the University of Birmingham. CeO 2 and ZnO samples were deposited on Cu grids covered with amorphous carbon lm whilst the CuO sample was deposited on a Mo grid. The HAADF (high-angle annular dark eld)-STEM imaging was performed in a 200 kV JEM2100F STEM (JEOL) with a spherical aberration corrector (CEOS). HAADF images were acquired with inner and outer angles of 62 and 164 mrad at a probe convergence semi-angle of 19 mrad and camera length of 10 cm. The EELS spectra were recorded with an Enna detector attached to a JEM2100F STEM (JEOL) operated at 200 kV. The collection semi-angle was 57.8 mrad, the camera length was 2 cm and the aperture size was 5 mm. The FWHM value at the zero-loss peak was 4 eV, with a dispersion of 0.5 eV per channel and a 5 s acquisition time for CeO x and 10 s for CuO x , respectively. Prior to sample analysis reference EELS spectra of commercially 
Results and discussion
All synthesis experiments produced coloured suspensions, which were stable at room temperature for longer than 6 months. This was conrmed by DLS measurements. An example of these results is shown in Fig. S1 in the ESI. † The NM dispersion colour is dependent on the type and amount of PVP used during the synthesis. The solution colour darkens as the PVP chain length decreases.
NM size
Size measurements were obtained by DLS, TEM and STEM. Results show that the NM size obtained was comparable regardless of the NM core composition. The size obtained was dependent on the type and amount of PVP used during the synthesis. The longer the PVP chain the larger the NM hydrodynamic and core size obtained. Zhou et al. 50 controlled the size of as-obtained CeO 2 spherical crystallites by varying synthetic parameters such as the molar ratio of PVP (repeating units) to Ce(NO 3 ) 3 $6H 2 O. Hence, changing the PVP length (molecular weight), which also constituted a change in molar ratio due to the different quantities used, resulted in a change in NM size. DLS showed the 10k PVP capped CeO 2 NM to be c. 5-6 nm, the 40k PVP capped CeO 2 NMs to be c. 7-8 nm and the 360k PVP capped CeO 2 NMs to be c. 19-20 nm, as seen in Fig. 1 . A full table of sizes and polydispersity index (PDI) values can be seen in Table 2 . Examples of DLS sizes of different PVP capped metal oxide NM batches are shown in Table S1 in the ESI. † TEM results are shown in Table 3 . TEM showed comparable values to those obtained by DLS for 10k and 40k PVP capped NMs with the former having a size of c. 5-7 nm and the latter c. 8-9 nm. The size results for the 360k capped metal oxide NMs obtained by means of TEM are smaller than those obtained by DLS and were c. 12-13 nm which is to be expected, since TEM measures primarily the core NM, rather than the electrotransparent PVP coating which makes a larger contribution to the DLS results in the case of the 360k capped NMs.
It should be noted that differences in the ionic radius of the core metal can inuence lattice dimensions and hence size. This can be seen when comparing Ce and the other two smaller ions, Cu and Zn, and is reected in the particle size measurements, with ceria producing particles nearly 2 nm larger in the case of the smallest 10k PVP capped particles (Table 3) . However, no signicant effect is observed at larger sizes. Even for the 10k PVP capped particles, the difference is small enough to give overlapping size range for the three different metal oxides.
STEM size values were obtained for 10k PVP capped NMs and showed the core NP size to be slightly smaller than seen by DLS or TEM with a size of c. 3-4 nm since the PVP chains are invisible in HAADF and therefore STEM directly measures the NM core. 10k PVP capped CeO 2 NMs had an average diameter of 3.3 AE 0.8 nm, 10k PVP capped ZnO NMs had an average diameter of 4.4 AE 0.9 nm and 10k PVP capped CuO NMs had an average diameter of 3.8 AE 0.9 nm (Table 4) .
Zeta potential measurements
The average zeta potential values obtained for all PVP capped samples regardless of the NM core, capping agent chain length or scale-up factor were very close to 0, ranging between À4 and +2 mV, the isoelectric point, i.e. the point where the colloidal system is least electrostatically stable. Despite this, the NM dispersions are stable due to steric stabilisation from the PVP chains. This stability remains over a period of at least 28 days for all particles. Fig. S2 in the ESI † shows this for 10k PVP capped ceria.
Chemical characterisation
The chemical composition of the NM library was also characterised by a multi-method approach. FT-IR, UV/Vis, XPS, EELS and EDX were carried out to conrm the presence of the metal oxide NM core. FT-IR spectra were obtained for 10k PVP capped NM samples. The spectra are seen in Fig. 2a-c Fig . 3a shows the UV/Vis spectra for 10k, 40k and 360k PVP capped metal oxide NMs. The absorption peak of PVP was found to be at 250 nm and is noted in all spectra. The CeO 2 NMs spectra show the presence of three peaks found at 254 nm, 300 nm and 250 nm. The rst is due Ce 3+ , the second is due to Ce 4+ and the latter is due to the presence of PVP. The ZnO NMs spectra shows a peak at c. 300 nm which is due to the ZnO 55 and a peak at c. 250 nm due to PVP. The PVP capped CuO NMs spectra show a small peak located just above 300 nm that could be due to CuO shied slightly due to the interference of the PVP peak. The peak at 440 nm is characteristic of Cu 2 O.
56 Fig. 3b shows the UV/Vis spectra for PVP capped copper oxide NMs as prepared without further dilution. These spectra show the presence of the peak at 440 nm and a peak at 800 nm which is due to CuO. Therefore the copper oxide NM dispersions are formed of mixed valency oxides of copper. The difference in peak intensities along with the fact that the latter peak was not seen upon sample dilution indicates that the concentration of Cu 2 O is greater than that of CuO yet this cannot be interpreted quantitatively due to the lack of standards for the sample. 
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The XPS spectra were referenced to the carbon 1s peak (C-C, C-H) at 285.0 eV. Kim (Fig. 4b) . Therefore to decipher between the two, the kinetic energy needed to be analysed and the Auger peaks allow for this differentiation. The LMM Auger line for the kinetic energy of the ZnO sample was found at about 988 eV implying that the samples were composed of Zn(II). 61 The XPS spectra for PVP capped copper oxide samples seen in Fig. 4c are similar in all cases and show the presence of peaks at 940.0 and 944.0 eV that are satellites typical for the presence of Cu(II). 62 Besides the satellite peaks the spectra also show two peaks at above and around 935 eV indicating that both copper(II) and copper(I) species are present, further proving the presence of mixed oxide NMs. Since it is well-known that CuO is sensitive to X-rays, care was taken that the copper lines at the beginning and end of the measurement were the same to ensure no X-ray induced changes took place. In addition, since it is not possible to distinguish between Cu(I) and Cu(0) on the basis of the Cu 2p peak only, the Auger line was also measured to allow for this. The Auger line was detected at a kinetic energy of about 916 eV, which proves the presence of Cu(I) and excludes Cu(0). The 10k PVP capped ceria and 10k PVP capped copper oxide NMs were further characterised by means of EELS. Due to the small size of Cu NMs, the Cu L-edge was very weak in the EELS spectra. Therefore, the O K-edge was used for the analysis of oxidation states. O K-edge reference spectra are taken from CuO (blue line) and Cu 2 O (red line) NMs. The comparison of the O near edge structures is shown in Fig. 5c . The comparison was performed in thirteen spectra and eight of them showed some similarity to the O K-edge of Cu 2 O (Fig. 5c) . The other spectra showed no similarity to the spectra of either Cu 2 O or CuO (Fig. 5d ). It is difficult to quantitatively determine the oxidation states of the CuO x NMs, since the size is very small and the Cu Ledge is weak. The comparison of the O K-edge suggests that the oxidation state of some CuO x NMs may be at +1 whilst others may indicate a mixture of different type of copper oxides.
The EELS spectra of cerium is characterised by two sharp peaks forming due to the transition of a core electron to an unbound state. One peak is due to the 3d 3/2 / 4f 5/2 transition denoted as M4 and the other is due to 3d 5/2 / 4f 7/2 transition denoted as M5. 23, 63, 64 These peaks can be used to quantitatively determine the Ce 4+ /Ce 3+ oxidation states ratio by performing multiple linear least-square (MLLS) tting of the Ce M edge 64 and comparing the results obtained to those of reference spectra. Fig. 6b shows the reference spectra from Ce(NO 3 ) 3 and CeO 2 standard materials and an example of MLLS tting result is shown in Fig. 6c . The average oxidation state calculated from 120 individual NPs from a single 10k PVP capped ceria synthesis was 3.38 AE 0.13.
EELS and XPS show different composition percentages, with EELS indicating Ce 3+ to be more prominent (Fig. 6d) and XPS
showing Ce 4+ to be more prominent with 39% Ce 3+ and 61% Ce 4+ (Table 5 ). The reason for this is that EELS provides a prole of the ceria oxidation state on a per particle basis and on chosen localised points whereas XPS reveals overall information about the total oxidation state of the sample. This is an important distinction as it indicates that the particles are not completely homogeneous, which can have implications for toxicity also. The 10k PVP capped ZnO NMs characterised by EDX (Fig. 7) show the presence of both Zn and O in a ratio of 2 : 3.
Understanding the NM library and its importance
Most synthesis methods for PVP capped NMs are based on the presence of a base or ethylene glycol [65] [66] [67] [68] or utilise high temperature autoclave reactions. 50, 69 The method used in this work simplies the process by eliminating the use of additional precursors and reuxing rather than autoclaving making the 2 NMs the deviation of the bandgap from the typical inverse squared dependence on the primary particle size (R 2À ) appears to be directly related to the presence of Cu 2+ (remarkably for very low particle size) and Ce
3+
ions at the surface of the nanostructured materials, and suggested that it is not yet clear if the presence of these oxidation states are intrinsic to the nanostructure or result from the specic procedure of preparation.
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Given the fact that several of the NMs in the library described here were mixed or two-phase materials, and the fact that methods that provide particle-by-particle information (such as EELS) indicate different compositions for specic particles compared to the "average" composition given by methods such as XPS (for example), this has important consequences for the prediction of NMs toxicity using QSARs for example, where average properties are typically utilised, which may miss subtle differences, or miss impacts from NMs at the tails of the property distribution function. Thus, we are used to considering size distribution functions, and everyone understands that in a particle size distribution the very small particles at the le hand side of the distribution curve may pose a larger toxicity threat than the larger ones at the right hand tail (for example this is the basis of the EU regulatory denition of NMs where the % of particles on a number basis <100 nm is used to determine whether a material is nano or not). However, nanosafety scientists and modelers are only beginning to consider the distribution functions of other physico-chemical properties such as oxidation state or dissolution. For example, Puzyn et al. 75 found that the toxicity of metal oxide NMs decreased in the order Me 2+ > Me 3+ > Me 4+ using a model based on the enthalpy of formation of a gaseous cation which has the same oxidation state as the metal ion in the oxide structure. Whether this model could be extended to NMs with mixed oxidation states remains to be seen, and whether one oxidation state dominates in terms of the toxicity is an important open question in terms of NMs safety-by-design. The NMs library described here, with its very detailed characterisation information will begin to allow questions such as these to be addressed. Basic toxicity screening, and corona ngerprinting of the NMs are underway and will be reported separately, and the combined characterisation and biological data will be provided to the nanosafety modelling community as soon as available.
Conclusions
Until now, a simple reux for the synthesis of a variety of monodisperse metal oxides NMs with controllable sizes using aqueous metal nitrate solution as a precursor, has not been tried for a range of metal salts. One reason for this is that libraries prepared by a single synthesis method, in order to obtain a range of comparable NMs, are not normally needed for commercial applications of NMs, where the main consideration is functionality rather than how a NM is prepared. Yet, for nanotoxicological studies systematically varied NMs where only one condition of the synthesis is varied at a time are vital, in order to allow direct correlation between physico-chemical properties and induction of a biological or toxicological effect. A persistent challenge with NMs synthesis is that, in many cases, to vary a specic physico-chemical parameter requires alteration of several aspects of the synthesis method making these systematic NM structure-correlations impossible. Therefore, this work is the rst to use a simple reux synthesis to prepare a range of differently sized PVP capped metal oxide NMs, and to test and conrm the hypothesis that the mechanism of NM formation would be the same in all cases. The NM library was obtained by successfully modifying a hydrothermal synthesis method using PVP, initially implemented for CeO 2 NMs, 23 to produce PVP capped zinc oxide and copper oxide NMs. DLS, TEM and STEM analysis showed NM size to be dependent on the MW of the PVP capping molecule and independent of the metal oxide core composition. DLS and TEM showed the NM size to increase as the polymer chain length increased from 10k to 360k. In suspension, the zeta potential of the library NMs was found to be close to zero yet the samples were stable due to PVP steric stabilisation. Physico-chemical characterisation methods revealed the success of the synthesis by conrming the presence of the different metal oxide core. In the case of ceria and copper oxide NMs, where the metal has multiple valency states, mixed metal oxide NMs were found to be present as seen by XPS. PVP was found to play a signicant role in the synthesis of the NMs. Additionally PVP inuenced both the physical and chemical properties of the NMs.
Characterisation has shown that the modications were successful and the synthesis is easily adaptable and scalable. More importantly, multi-method characterisation avoided misinterpretation of valency information as results from different techniques providing technique specic information about the samples. UV/Vis, EDX and EELS would have not been sufficient enough and XPS was needed to back up and develop the results interpretation. Specically, the combination of particle-by-particle characterisation methods with ensemble (average sample) measurements allows the potential to assess distribution curves for a range of properties that may be closely linked to toxicity effects, such as oxidation state.
The NM library provides comparable particles for toxicology or fate and behavioural studies with variables (core composition, shell thickness) systematically altered, thus allowing for correlation of physico-chemical descriptors with toxicological impacts. The scalability of the library makes it particularly suitable for ecotoxicological studies where large quantities of particles are oen necessary. Additionally the steric stabilisation of the PVP capping makes the particles robust enough for environmental media where ionic strength and abundance of biomolecules can interfere with stability. It is however important to note that future toxicity studies on this library need to be complemented by stability and characterisation data in the exposure media in order to fully understand and interpret correctly their behaviour. Finally, the NM library has the potential to be extended further to other NMs such as other rare earth oxides. Furthermore there is the possibility of synthesising doped oxides such as copper doped ceria or zinc doped ceria (work in progress) further widening the scope of the NM library, and allowing for tracking of the engineered NMs at low concentrations in the environment, including against naturally occurring background concentrations. 
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